Introduction {#s1}
============

Chicken egg is one of the most commonly available, economical foods. Eggs provide essential nutrients including high quality proteins, unsaturated fats, folate, and various vitamins, which are regarded as protective factors ([@r025]). However, eggs contain high levels of cholesterol and many food allergens and, therefore, their high daily consumption must be limited.

Eggs serve as a major source of dietary cholesterol, containing approximately 210 mg cholesterol per egg ([@r025]). Human metabolic studies have shown that dietary cholesterol from eggs can raise serum levels of low density lipoprotein cholesterol (LDL-C), a well-established independent risk factor for cardiometabolic and cardiovascular diseases ([@r011]; [@r029]). In contrast, egg consumption in free-living populations does not increase blood cholesterol levels ([@r013]). A recent study also suggested that the consumption of water-soluble egg yolk extract (WSEYE) decreases daily weight gain and triglyceride (TG) levels, but increases the level of high density lipoprotein cholesterol (HDL-C) ([@r016]). Moreover, the American Heart Association has retracted the recommendation to limit egg consumption in their guidelines ([@r012]).

Allergy from egg consumption has been shown to be the most common food allergy in children with atopic dermatitis ([@r024]). A recent meta-analysis of the prevalence of food allergy estimated that egg allergy affects 0.5-2.5% of young children ([@r022]). However, oral immunotherapy can desensitize a large proportion of children with egg allergy ([@r005]). Compared to allergic reactions against egg white (EW), reactions against egg yolk (EY) proteins are more frequent ([@r002]). Ovomucoid, ovalbumin, ovotransferrin, and lysozyme have been identified as major allergens in EW ([@r014]; [@r009]). In addition, egg-yolk contains certain allergens including alpha livetin, vitelline, and apoprotein B; however, their roles as allergens remain to be elucidated ([@r026]).

Although eggs have beneficial and detrimental biological effects, the effects of EW, which excludes the lipid cholesterol of egg yolk, on diet, blood cholesterol levels, and immune modulation are yet to be clarified in normal healthy animal models. In the present study, various concentrations of EW were fed to mice to determine the correlation between EW consumption and health parameters by measuring changes in body weight (BW), blood cholesterol levels, sensitivity to allergy, and immunomodulatory activity. Furthermore, we discuss the advantages and disadvantages of EW consumption.

Materials and Methods {#s2}
=====================

Preparation of EW {#s2a}
-----------------

Commercially available normal fresh eggs were obtained from a local egg farm. The egg white was collected while excluding the yolk. The EW was freeze-dried using a freeze dryer (Ilshintech, Korea) and resuspended in distilled water (DW).

Animals {#s2b}
-------

All animal care protocols were approved by the Konkuk University Institutional Animal Care and Use Committee (Approval No.: KU13144-1). A total of 50 male BALB/c mice (5 wk old; Nara Biotech Co., Korea) were housed in a conventional temperature- and humidity-controlled room, and provided standard laboratory food and water.

Experimental design {#s2c}
-------------------

Five groups of mice (10 mice per group) were used in the study. Group 1 animals were treated for 4 wk with an oral dose of 1× DW as the vehicle. Group 2, 3, and 4 animals were treated for 3 d a week for 4 wk with an oral dose of 10, 50, and 100 mg/d EW, respectively. Group 5 animals were a model for elevated production of serum IgE. Briefly, the fur on the backs of the mice was removed at 1 d prior to treatment with 1-chloro-2,4-dinitrobenzene (DNCB) (Sigma, USA). The first treatment consisted of 200 μL of a 1% DNCB solution (dissolved in acetone: olive oil at 3:1), whereas a second treatment with 0.1% DNCB was applied 4 d after the first treatment. Additional treatments with 0.1% DNCB were then conducted once every 3 d for 4 wk. Changes in BW and the average feed intake of the mice were measured every 7 d during EW treatment.

Lymphocyte and serum preparation {#s2d}
--------------------------------

Ten mice from each experimental group were sequentially anesthetized using 2.5% (*v/v*) avertin, and blood samples were collected by direct heart puncture. Approximately 0.2 mL blood was collected into tubes containing ethylenediaminetetraacetic acid (EDTA) (Becton Dickinson, USA), and 0.1 mL whole blood was mixed with 0.1 mL Histopaque-1077 (Sigma) and centrifuged at 1,200 *g* for 20 min. The lymphocytes were carefully collected from the middle phase of the gradient. To separate the serum, 0.5 mL whole blood was incubated for 1 h at room temperature and then centrifuged at 1,200 *g* for 15 min. The supernatant was carefully collected and stored at −70℃.

Blood cell analysis {#s2e}
-------------------

The collected whole blood samples were inverted several times to prevent coagulation in an EDTA-coated tube. The concentration of mouse white blood cells and the percentages of neutrophils, lymphocytes, eosinophils, basophils, and monocytes were compared among the four treatment groups. Samples were analyzed immediately by an ADVIA 2120 hematology system (Siemens, Germany), according to the manufacturer's instructions.

Measurement of lymphocyte activation during EW treatment {#s2f}
--------------------------------------------------------

Isolated lymphocytes (1×10^5^ cells) from each treatment group were seeded in a 96-well plate and incubated for 1 h at 37℃. Lipopolysaccharide (2.5 μg/mL) was added to the cultured cells to identify B lymphocyte activity, and 2.5 μg/mL concanavalin A was added to assess T lymphocyte activity. The cells were then incubated for 48 h. Cell viability and proliferation were analyzed using an EZ-cytotox kit (Daeil Lab Service, Korea) according to the manufacturer's instructions. The cell proliferation rate was determined using a microplate reader at an absorbance of 550 nm.

Analysis of immunoglobulin {#s2g}
--------------------------

The immunoglobulin G (IgG) and immunoglobulin E (IgE) concentrations in the whole blood samples were measured by a mouse IgG and IgE enzyme-linked immunosorbent assay using a quantitation kit (Bethyl Laboratory Inc., USA) in accordance with the manufacturer's instructions. Serum IgG and IgE concentrations were evaluated by comparison with concentrations of serial dilutions of each IgG and IgE standard protein provided in the kit.

Cholesterol and lipid analyses, and liver functional testing {#s2h}
------------------------------------------------------------

Total cholesterol (TC), HDL-C, and TG concentrations were determined enzymatically using kits and in accordance with the manufacturer's instructions (Asan Pharmaceutical Co., Korea). The LDL-C concentration was measured by Friedwald's method (Friedwald *et al*., 1972). Glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase (GPT) concentrations were measured by Reitman-Frankel's method (Reitman and Frankel, 1957).

Statistical analysis {#s2i}
--------------------

Data were analyzed by one-way analysis of variance using SPSS statistical package ver. 21.0 for Windows. Turkey's multiple comparison test was used for comparisons between groups. All data are expressed as the mean± standard deviation. The null hypothesis was rejected when the probability was *p*\<0.05.

Results and Discussion {#s3}
======================

Body weight gain, feed intake, and feed efficiency rate {#s3a}
-------------------------------------------------------

The BW gain, feed intake, and feed efficiency rate (FER) were compared daily in mice that consumed 0, 10, 50, or 100 mg/d EW. As shown in [Table 1](#t001){ref-type="table"}, daily BW gains of 0, 10, 50, and 100 mg/d EW, and DNCB treatments were 0.14±0.01 g, 0.12±0.03 g, 0.12±0.04 g, 0.15±0.04 g, and 0.11±0.06 g. The daily BW gain of the 10, 50, and 100 mg/d EW- and DNCB-treated groups showed no significant change (*p*\<0.05) compared with that in the control. Feed intakes by mice with 0, 10, 50, or 100 mg/d EW and DNCB treatments were 3.59±0.13 g, 3.51±0.12 g, 3.53± 0.25 g, 3.65±0.21 g, and 4.51±0.30 g. In the group treated with DNCB, there was a significant increase in the average feed intake for 4 wk ([Table 1](#t001){ref-type="table"}). Analysis of the FER showed a significantly decrease in the DNCB-treated group, whereas EW-treated groups showed no significant change of the FER (*p*\<0.05) compared with that in the control ([Table 1](#t001){ref-type="table"}). These data are not consistent with the results of previous reports showing that egg and egg extract intake significantly reduces BW ([@r016]; [@r028]). Recent study showed that dietary EW decreased feed intake, BW gain and fat accumulation in liver, muscle and adipose tissues, but muscle weight was increased ([@r019]). Compare to previous observation, only BW gain and feed intake were analyzed, whereas fat/muscle composition was not determined in the present study. Therefore it is postulated that EW consumption would not be related to weight gain and feed intake, but be possibly affect in fat/muscle composition changes. Taken together, our results suggest that a high daily consumption of EW does not increase BW.

###### Changes in daily body weight gain and daily feed intake in mice treated with egg white (EW)

  Treat (mg/d)        0           10          50          100         DNCB
  ------------------- ----------- ----------- ----------- ----------- -------------
  Weight gain (g/d)   0.14±0.01   0.12±0.03   0.12±0.03   0.15±0.04   0.11±0.06
  Feed intake (g/d)   3.59±0.13   3.51±0.12   3.53±0.25   3.65±0.21   4.51±0.30\*
  FER                 0.04±0.01   0.04±0.01   0.03±0.01   0.04±0.01   0.02±0.01\*

*p*-values were calculated between 0 mg/d (control) and each EW treatment for 4 wk (\**p*\<0.05, n=10). FER: feed efficiency rate (body weight gain/feed intake); EW: egg white; DNCB: 1-chloro-2,4-dinitrobenzene.

Changes in blood immune cell populations and lymphocyte activation {#s3b}
------------------------------------------------------------------

To determine whether EW influences populations of blood immune cells, we analyzed changes in the number of lymphocytes, neutrophils, eosinophils, basophils, and monocytes. There were no significant differences in the populations of lymphocytes, neutrophils, eosinophils, basophils, and monocytes among the EW treatment groups ([Fig. 1](#f001){ref-type="fig"}). The percentage of lymphocytes was significantly decreased and neutrophils were significantly increased in the DNCB-treated group after 4 wk of treatment ([Fig. 1](#f001){ref-type="fig"}). Neutrophils mainly play a role in acute inflammation because of their relatively short half-life. The neutrophil to lymphocyte ratio (NLR) is the measure of balance between neutrophil and lymphocyte levels in the body and an indicator of systemic inflammation ([@r030]). A recent study described that NLR provides a reliable inflammatory index in coronary artery disease (CAD) and type 2 diabetes patients ([@r023]). In this study, DNCB was used for induction of an allergic reaction, but DNCB treatment also initiated CAD.

![**Populations of lymphocytes, granulocytes, and monocytes.** (A) Lymphocytes, (B) neutrophils, (C) eosinophils, (D) basophils, and (E) monocytes are presented as the percentages of blood cells. Statistical analysis was conducted between 0 mg/d (control) and each EW treatment in the same wk (\**p*\<0.05, n=10). EW: egg white; DNCB: 1-chloro-2,4-dinitrobenzene.](kosfa-34-630-f001){#f001}

The activation of B and T lymphocytes was compared among control and EW-treated groups. The effect of EW (10, 50, and 100 mg/d) on B and T lymphocyte activation was significantly higher than that in the control group ([Fig. 2](#f002){ref-type="fig"}). Recently, a study showed that chicken embryo extract enhances spleen lymphocyte proliferation and interleukin-2 secretion, while increasing peritoneal macrophage phagocytosis and nitric oxide production activity ([@r017]). In addition, WSEYE significantly increases monocyte and B lymphocyte activity ([@r016]). Taken together, our data showed that EW consumption regulates B and T lymphocyte activation, suggesting that EW may be an immune activator.

![**B and T lymphocyte activation by egg white. Lymphocytes were isolated from EW (0, 10, 50, and 100 mg/d)-treated mice at 4 wk.** Isolated lymphocytes (1×10^5^ cells) were treated with (A) 2.5 μg/mL lipopolysaccharides (LPS) for B lymphocyte activation or (B) 2.5 μg/mL concanavalin A (ConA) for T lymphocyte activation. *p*-values were calculated between 0 mg/d (control) and each EW treatment at 4 wk (\**p*\<0.05, n=10). EW: egg white; OD: optical density; DNCB: 1-chloro-2,4-dinitrobenzene.](kosfa-34-630-f002){#f002}

Effect of EW on immunoglobulin levels {#s3c}
-------------------------------------

To investigate the ability of EW to modulate blood immunoglobulin levels in mice, serum IgG and IgE concentrations in the blood were analyzed at 4 wk of EW treatment. Serum IgG levels in 100 mg/d EW- and DNCBtreated groups were significantly increased compared with that in the control ([Fig. 3](#f003){ref-type="fig"}). The serum IgE concentration was not significantly altered among EW treatment groups ([Fig. 3](#f003){ref-type="fig"}). However, the serum IgE level in the DNCBtreated group was significantly increased compared with that in the control group ([Fig. 3](#f003){ref-type="fig"}).

![**Effect of egg white treatment on mouse immunoglobulin production. Blood samples were collected from EW (0, 10, 50, and 100 mg/d)-treated mice at 4 wk.** The samples were incubated with anti-mouse IgG (A) and IgE (B) antibodies. A horseradish peroxidase-conjugated secondary antibody was used to detect the absorbance of each Ig. *p*-values were calculated between 0 mg/d (control) and each EW treatment at 5 wk (\**p*\<0.05, n=10). EW: egg white; DNCB: 1-chloro-2,4-dinitrobenzene.](kosfa-34-630-f003){#f003}

Egg allergy is the most common food allergy in children with atopic dermatitis ([@r024]). Food allergy is frequently the result of an IgE-mediated hypersensitive reaction, and the serum IgE level has a strong association with allergies ([@r006]). In this study, serum IgE levels were unchanged in EW-treated groups compared with those in the control group ([Fig. 3](#f003){ref-type="fig"}). Although allergic reactions are most often IgE-mediated reactions, non-IgE mediated reactions have also been described ([@r027]). The serum ovalbumin specific IgG concentration is reflected by egg consumption, indicating that dietary allergens affect the developing immune system ([@r028]). The oral administration of EW improves the non-specific phagocytic activity of neutrophils in weaning piglets and calves ([@r003]; [@r018]). It should therefore enhance the host defense mechanism against infectious diseases. In this study, serum IgG levels in the 100 mg/d EW group were significantly increased compared with those in the control ([Fig. 3](#f003){ref-type="fig"}). This result indicates that high consumption of EW promotes immune reactions.

Allergy studies using animal models have been limited because allergic diseases occur via various routes. Generally, allergic model animals are generated by genetic mutation or treatment with chemical allergens. DNCB induces an increase in the serum IgE level in a concentration-dependent manner ([@r020]). Specifically, the increase in serum IgE levels were 2.5-, 3.5-, and 4-fold in 1-3% DNCB-treated mice, suggesting that DNCB may be an optimal sensitizer to increase serum IgE concentrations. Allergic reactions vary among individuals. Some individuals do not have allergies to specific allergens that can induce an allergic reaction in sensitive individuals. In this study, treatment of mice with EW at various concentrations did not prompt allergic reactions in mice at 5-9 wk of age. At 5 wk of age, male mice are similar to the post-pubertal stage of a male human, suggesting that consumption of EW does not induce an allergic reaction in post-pubertal humans.

Effect of EW on serum lipid profiles {#s3d}
------------------------------------

Serum lipid levels were analyzed following ingestion of various concentrations of EW ([Fig. 4](#f004){ref-type="fig"}). TC, HDL-C, LDL-C, and TG levels were not significantly changed among EW treatment groups over the experimental period ([Fig. 4](#f004){ref-type="fig"}), but the level of serum HDL-C was significantly decreased in the DNCB-treated group ([Fig. 4](#f004){ref-type="fig"}). In addition, LDL-C was significantly increased in the DNCB-treated group ([Fig. 4](#f004){ref-type="fig"}).

![**Changes in serum lipid profiles by egg white treatment.** *p*-values for (A) total cholesterol (TC) and (B) triglycerides were calculated between 0 mg/d (control) and each EW treatment in the same week (\**p*\<0.05, n=10). *p*-values for (C) low density lipoprotein cholesterol (LDL-C) and (D) high density lipoprotein cholesterol (HDL-C) were calculated between 0 mg/d (control) and each EW treatment at 4 wk (\**p*\<0.05, n=10). EW: egg white; DNCB: 1-chloro-2,4-dinitrobenzene.](kosfa-34-630-f004){#f004}

A previous report showed that egg consumption must be limited to 3 eggs/wk to prevent coronary heart disease ([@r001]). However, many researchers have refuted that dietary egg cholesterol consumption increases blood cholesterol levels. Some studies have suggested that dietary egg cholesterol consumption is not related to coronary heart disease ([@r010]; [@r014]; [@r016]) because the coronary heart disease risk is more related to LDL-C/HDL-C levels and not to the total cholesterol levels ([@r007]). In the present study, the serum HDL-C level was significantly reduced in the DNCB-treated group ([Fig. 4](#f004){ref-type="fig"}), and its relation to NLR was higher in the DNCB-treated group than in the control group. Our data showed that EW consumption did not relate to serum cholesterol and lipid levels, suggesting that EW may be a safe food for patients with cardiovascular disease.

Effect of EW on hepatic disease {#s3e}
-------------------------------

GOT and GPT are enzymes produced in hepatic cells. The levels of serum GOT and GPT are an estimated index of hepatic injury, because damaged hepatic cells secrete GOT and GPT into blood serum. The serum GOT and GPT concentrations were not significantly changed in EW treatment groups, but they were significantly increased in the DNCB-treated group ([Fig 5](#f005){ref-type="fig"}). These data are also similar to the results of a previous report indicating that egg intake does not affect GOT and GPT levels in serum ([@r015]). Taken together, these results suggest that EW intake does not show a relation to hepatic injury.

![**Hepatic function test values of mice treated with egg white.** *p*-values for (A) glutamic oxaloacetic transaminase (GOT) and (B) glutamic pyruvic transaminase (GPT) concentrations were calculated between 0 mg/d (control) and each EW treatment in 4 wk (\**p*\<0.05, n=10) EW: egg white; DNCB: 1-chloro-2,4-dinitrobenzene.](kosfa-34-630-f005){#f005}
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